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In the absence of Wnt activation, cytosolic b-catenin
is degraded through GSK3/CK1-mediated phos-
phorylation at the N terminus. Here, we show that,
upon Wnt activation, the stability of nuclear b-cate-
nin is regulated via methylation/demethylation. The
protein lysine demethylases Kdm2a and Kdm2b
regulate the turnover of non-phosphorylated b-cate-
nin specifically within the nucleus via direct interac-
tion with the fourth and fifth armadillo repeats. The
lysine residues within this region are required for
the methylation of non-phosphorylated b-catenin,
which is demethylated by Kdm2a/b and subse-
quently ubiquitylated. During Xenopus embryogen-
esis, kdm2a/b genes are transcribed during early
embryogenesis and are required for the specification
of the body axis. Kdm2a/b knockdown in Xenopus
embryos leads to increases in non-phosphorylated
and methylated b-catenin, concurrent with the upre-
gulation of b-catenin target genes. This mechanism
is required for controlling the output of the Wnt/
b-catenin signaling pathway to maintain normal
cellular functions.
INTRODUCTION
The Wnt/b-catenin signaling pathway plays key roles in the
regulation of embryogenesis, homeostasis, regeneration, and
stem cell pluripotency. Many diseases, including cancers, are
correlated with misregulation of Wnt/b-catenin activity in cells
(MacDonald et al., 2009; Sokol, 2011; Clevers and Nusse,
2012; Anastas andMoon, 2013). Regulation of b-catenin stability
is one of the major mechanisms by which Wnt/b-catenin activity
is tuned. In the absence ofWnt activation, a destruction complex
composed of APC, GSK3, CK1, and b-TrCP is formed on cyto-
solic b-catenin, leading to the phosphorylation of b-catenin at
its N-terminal Ser/Thr residues by CK1 and GSK3. Conse-
quently, b-catenin is ubiquitylated and then undergoes protea-
somal degradation (MacDonald et al., 2009; Cadigan and Peifer,
2009; Clevers and Nusse, 2012; Stamos andWeis, 2013). Other-660 Developmental Cell 33, 660–674, June 22, 2015 ª2015 Elsevier Iwise, Wnt activation causes disaggregation of the destruction
complex, and, consequently, b-catenin is not phosphorylated.
Stabilized b-catenin is then imported to the nucleus, where it
forms a transcription activation complex with the Tcf/Lef DNA-
binding transcription factors to stimulate target gene transcrip-
tion (MacDonald et al., 2009; Clevers and Nusse, 2012). It has
been reported that nuclear b-catenin can be relocalized to the
cytoplasm for destruction (Henderson and Fagotto, 2002; Hen-
driksen et al., 2005; Fagotto, 2013). However, direct observation
of live cells has demonstrated retention of b-catenin subcellular
localization (Krieghoff et al., 2006). The regulation of b-catenin in
the nucleus is therefore under debate.
Protein lysine demethylases (KDMs) are a class of chromatin-
modifying enzymes that influence many aspects of cellular func-
tion involved in development, physiology, and disease (Shi,
2007; Nottke et al., 2009; Kooistra and Helin, 2012). Most of
these enzymes exhibit specific demethylation activities on his-
tones that are methylated at specific lysine sites (Kooistra and
Helin, 2012; Black et al., 2012). However, Kdm1a (Lsd1 or
Aof2), Kdm2a (Fbxl11), and Kdm2e (Phf2) can also modify non-
histone proteins, such as p53, NF-kappaB, and Dnmt1, thereby
regulating the activity or stability of their substrates (Huang et al.,
2007; Wang et al., 2009; Kontaki and Talianidis, 2010; Lu et al.,
2010; Baba et al., 2011). The scope of KDM substrates might
therefore extend far beyond histones. Here, we show that
Kdm2a and Kdm2b (Fbxl10 or Ndy1), which might demethylate
H3K36me2 or H3K4me3 (Tsukada et al., 2006; Janzer et al.,
2012), induce the degradation of non-phosphorylated b-catenin
in the nucleus via prior to demethylation of b-catenin. Conse-
quently, transcription of Wnt/b-catenin target genes is attenu-
ated. This mechanism elucidates how the turnover of nuclear
b-catenin is regulated during Wnt activation and how it plays
an essential role in body axis formation during Xenopus
embryogenesis.
RESULTS
Kdm2a/b Regulate the Stability of b-Catenin
Most Xenopus KDM homologous genes are both maternally
and zygotically transcribed during early embryogenesis (Bowes
et al., 2008; see also http://www.xenbase.org), suggesting that
they might be involved in early embryogenesis. We tested
whether the encoded proteins might regulate the major signaling
pathways governing early embryogenesis—for instance, thenc.
Wnt/b-catenin pathway—using pathway-specific luciferase re-
porters. We observed that, in HEK293T cells, Kdm2a repressed
b-catenin-stimulated Topflash, the Wnt/b-catenin-responsive
reporter. The repression grew stronger with increasing amounts
of transfected Kdm2a plasmid, indicating a dose-dependent
effect (Figure 1A). Kdm2a overexpression did not cause a signif-
icant change in H3K36me1, H3K36me2, and H3K36me3 (Fig-
ure S1A). Histone methylation was therefore not the cause of
the repression of Topflash by Kdm2a. Because Kdm2a is local-
ized within the nucleus (Tsukada et al., 2006; see also Figures
2J and 2K), we tested for possible changes in b-catenin, the
key nuclear mediator of the Wnt pathway, at both protein and
transcript levels. Forced expression of Kdm2a significantly
reduced the levels of overexpressed (Figure 1B) and endoge-
nous b-catenin protein (Figure 1C). In both cases, the repressive
effect of Kdm2a was dose dependent. By contrast, the level of
b-catenin transcript was not changed (Figure 1D). Therefore,
Kdm2a might regulate the turnover of b-catenin. Time-course
treatment of cells with cycloheximide (CHX) showed increased
degradation of b-catenin when the time of treatment was pro-
longed, and the degradation was accelerated when Kdm2a
was co-transfected (Figures 1E and 1F). Amutant, Kdm2a(2mut),
with mutations of His210 and Asp212 to Ala in the catalytic JmjC
domain, which correspond to the mutations of His212 and
Asp214 in KDM2A (Blackledge et al., 2010), did not induce b-cat-
enin degradation effectively (Figures 1E and 1F), implying that
the catalytic activity of Kdm2a is responsible for b-catenin insta-
bility. Kdm2a failed to induce b-catenin degradation in cells
treatedwith the proteasome inhibitorMG132 (Figure 1G), reflect-
ing the dependence of the degradation on the ubiquitin-protea-
some pathway. Again, Kdm2a(2mut) had no significant effect
on protein stability in both the mock- and MG132-treated
cells (Figure 1G). Kdm2a strongly enhanced the ubiquitylation
of b-catenin, whereas Kdm2a(2mut) resulted in a much weaker
enhancement in ubiquitylation (Figure 1H), indicating that
Kdm2a induces and the catalytic activity is required for the ubiq-
uitylation of b-catenin.
We tested b-catenin stability in response to knockdown of
endogenous KDM2A in HEK293T cells using three siRNAs. As
determined by the levels of KDM2A protein and transcript (Fig-
ures 1I, 1J, and S1B), siKDM2A-1 and siKDM2A-2 exhibited
more efficient knockdown than did siKDM2A-3. Accordingly,
either of the two siRNAs caused incremental change in the level
of b-catenin protein, but the transcription was not affected
(Figures 1I, 1J, and S1B). Moreover, Topflash activity was stim-
ulated to different extents, in accordance with the efficacy of
each siRNA (Figure S1C). The enhanced stability of b-catenin
following KDM2A knockdown was rescued by Xenopus Kdm2a
(Figure S1D), demonstrating a specific effect of KDM2A knock-
down and functional conservation of Kdm2a between different
species. Additionally, KDM2A knockdown did not cause signifi-
cant change in H3K36me1, H3K36me2, or H3K36me3 status
(Figure S1E). b-catenin in cells with KDM2A knockdown ex-
hibited slower turnover rate than that in control cells (Figures
1K and 1L). Accordingly, KDM2A knockdown reduced the ubiq-
uitylation of b-catenin (Figure 1M). We also examined the effect
of KDM2B, the closest homolog of KDM2A, on b-catenin stabil-
ity. Among the three siRNAs against KDM2B tested, siKDM2B-1
displayed the best knockdown efficiency (Figure S1F) and re-Develsulted in the strongest upregulation of endogenous b-catenin
(Figure S1G). Meanwhile, the putative KDM2B substrate
H3K36me2 was not affected significantly (Figure S1H). KDM2B
knockdown also enhanced Topflash (Figure S1I). A more dra-
matic effect was observed when KDM2A and KDM2B were
simultaneously blocked (Figure S1I). In summary, we conclude
that Kdm2a/b are involved in the regulation of b-catenin stability
via the ubiquitin-proteasome pathway.
Kdm2a Induces Degradation of Non-phosphorylated
b-Catenin in the Nucleus
b-catenin that is not phosphorylated at the N terminus or that
lacks N-terminal phosphorylation sites is resistant to proteaso-
mal destruction. However, a b-catenin mutant lacking its first
87 aa (b-CatDN) was strongly reduced in response to Kdm2a
transfection, but not reduced in response to Kdm2a(2mut) (Fig-
ure 2A). Protein turnover rate analysis showed that Kdm2a
enhanced the degradation of b-CatDN (Figures 2B and 2C).
In agreement, the total (b-Cat) and non-phosphorylated
(nonP-b-Cat) b-catenin, but not the phosphorylated b-catenin
(P-b-Cat), were affected by Kdm2a (Figure 2D). Inhibition of
GSK3 with the specific inhibitor BIO led to an increase in total
and non-phosphorylated b-catenin but a decrease in phosphor-
ylated b-catenin. Kdm2a was still able to induce the degradation
of non-phosphorylated b-catenin (Figure 2D). Furthermore, BIO
stimulation of Topflash was inhibited in response to Kdm2a
transfection (Figure 2E). In either case, Kdm2a(2mut) exhibited
no significant effect. Therefore, Kdm2a-induced b-catenin
degradation is independent of the N-terminal phosphorylation
of b-catenin and is dependent on the catalytic activity of Kdm2a.
In addition to a JmjC domain, Kdm2a/b also contain a
plant homeodomain (PHD)-type zinc finger domain, an F-box,
and a CxxC-type zinc finger domain (Figure S2A). In transfected
HEK293T cells, Kdm2a mutants lacking the JmjC domain
(Kdm2aDJ) or PHD domain (Kdm2aDP) failed to induce the
destructionof non-phosphorylatedb-catenin (Figure2F),whereas
the mutants lacking the F-box domain (Kdm2aDF) or CxxC
domain (Kdm2aDC) behaved similarly to wild-type Kdm2a (Fig-
ure 2F). The Kdm2a(2mut) was similar to the mutant lacking the
entire JmjC domain (Figure 2F). In luciferase assays, Kdm2aDC
strongly repressed Topflash like the wild-type protein, whereas
the effect of Kdm2a(2mut) on Topflash repression was severely
compromised (Figure 2G). Hence, both the JmjC domain and
the PHD domain are essential for Kdm2a/b-induced b-catenin
degradation, whereas the F-box and CxxC domains are not.
These observations might be related to the functions of these
domains. The PHD domain functions putatively as a reader of
the methylated substrates or could exhibit E3 ligase activity
(Musselman and Kutateladze, 2009; Janzer et al., 2012). The
F-box in Kdm2a/b is related to monoubiquitylation rather than
polyubiquitylation, for example, in the case of H2AK119 (Wu
et al., 2013), and the CxxC domain is responsible for DNA binding
(He et al., 2013).
KDM2A inhibition led to upregulation of total and non-phos-
phorylated b-catenin, but not upregulation of the phosphorylated
form (Figure 2H). Meanwhile, ubiquitylation of non-phosphory-
lated b-catenin was weakened (Figure 2I). Because b-catenin
is also a regulator of cell adhesion, we analyzed the effect of
Kdm2a on b-catenin in different cellular compartments withoutopmental Cell 33, 660–674, June 22, 2015 ª2015 Elsevier Inc. 661
Figure 1. Kdm2a Regulates the Activity of a Wnt-Responsive Luciferase Reporter and Induces Instability of b-Catenin
(A) Repression of b-catenin-stimulated activity of Topflash by transfection with increasing doses of Kdm2a plasmid in HEK293T cells. Error bars represent SEM of
four replicates. *p < 0.05; **p < 0.01.
(B and C) Dose-dependent reduction of both exogenous (B) and endogenous (C) b-catenin in HEK293T cells transfected with Kdm2a plasmid. Actin: loading
control.
(D) RT-PCR detection of b-catenin transcription in response to transfection of different doses of Kdm2a plasmid in HEK293T cells. GAPDH: loading control.
RT: reverse transcription without transcriptase.
(legend continued on next page)
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or with Wnt activation. RKO cells expressed very low levels of
Wnt/b-catenin, and both the total and non-phosphorylated
b-catenin were hardly detectable in nuclei or cytoplasm or at
the membrane (Figure 2J). Fractionation was effective, as shown
by the correct distribution of Actin and KDM2A in different frac-
tions (Figure 2J). Upon Wnt3a treatment, both the total and non-
phosphorylated b-catenin were upregulated significantly in all
three fractions. However, only nuclear b-catenin was downregu-
lated in the presence of Kdm2a, whereas the cytoplasmic and
membranous fractions were unaffected (Figure 2J). This effect
was recapitulated in SW480 cells, in which b-catenin is extraor-
dinarily stable because of adenomatous polyposis coli (APC)
mutation. eGFP-tagged Kdm2a was detected within nuclei and
co-localized with the nuclear, non-phosphorylated b-catenin.
The cells expressing Kdm2a were nearly devoid of b-catenin in
nuclei compared with the adjacent cells that did not express
the fusion protein (Figure 2K). Therefore, this cascade of results
shows that Kdm2a/b induce specifically the degradation of
b-catenin within the cell nucleus upon Wnt activation.
Kdm2a Interacts with b-Catenin to Induce Its
Degradation
Protein co-immunoprecipitation (coIP) assays revealed that
either overexpressed b-catenin and Kdm2a (Figure 3A) or endo-
genous b-catenin and KDM2A bound each other (Figure 3B),
suggesting that Kdm2a regulates the turnover of b-catenin via
direct interaction. Using a series of b-catenin deletion mutants
(Figure S2B), we observed that Kdm2a did not bind to the region
aa 1–274 of b-catenin but did bind to aa 1–318. Moreover,
Kdm2a exhibited weak binding to aa 319–484 but did not bind
to the C-terminal region of aa 485–781 (Figure 3C). Hence, the
binding site for Kdm2a should be within aa 275–485. The mutant
with removal of aa 275–318, b-CatD(275–318), still interacted
with Kdm2a (Figure 3D), whereas b-CatD(275–360) with deletion
of aa 275–360, which corresponds roughly to the fourth and
fifth Armadillo (Arm) repeats, failed the interaction (Figure 3E).
Interaction was recovered between Kdm2a and the mutant
b-Cat(2arm) (Figure 3E), in which the fourth and fifth Arm repeats
were shifted to the C terminus of b-catenin (Figure S2B). We thus
conclude that the two Arm repeats are required for Kdm2a inter-
action with b-catenin.
We asked whether Kdm2a was able to induce the degradation
of b-CatD(275–360). All b-catenin antibodies used here recog-
nized the mutant (Figure 3F). In contrast to the changes in
total and non-phosphorylated wild-type b-catenin caused by
Kdm2a, b-CatD(275–360) showed no significant change (Fig-
ure 3F). Nevertheless, induced degradation occurred for the(E) Comparison of b-catenin degradation in HEK293T cells transfected with vecto
series.
(F) Quantification of (E) in triplicate. Error bars represent SEM.
(G) Detection of the effect of Kdm2a or the mutant on b-catenin degradation in H
(H) Ubiquitylation of b-catenin in response to transfection of wild-type or mutant
(I) Test of the efficiency of siRNAs against KDM2A at the protein level, and the ef
control siRNA.
(J) Quantification of (I) in triplicate. Error bars represent SEM. *p < 0.05; **p < 0.0
(K) KDM2A knockdown slowed down the turnover rate of endogenous b-catenin
(L) Quantification of (K) in triplicate. Error bars represent SEM.
(M) Reduced ubiquitylation of b-catenin upon KDM2A knockdown.
In (B), (C), (E), (G), (I), and (K), whole-cell lysates (WCLs) were used for immunob
Develmutant b-Cat(2arm) (Figure 3G). We compared the turnover
rate of wild-type protein with that of b-CatD(275–360). The
wild-type protein degraded faster than did the mutant protein
(Figures 3H and 3I). Kdm2a overexpression accelerated the turn-
over rate of the wild-type protein (Figures S2C and S2D; see also
Figures 1E and 1F) but did not change the stability of the mutant
(Figures 3J and 3K), showing that the latter was resistant to
Kdm2a. This effect was also reflected by the fact that Kdm2a
induced a dramatic enhancement in the ubiquitylation of non-
phosphorylated wild-type b-catenin, but not of the mutant
b-CatD(275–360) (Figure 3L). Because the aa 275–360 region
contains certain critical residues—for instance, Lys312 and
Lys345—that are required for the interaction of b-catenin with
Tcf7l2, cadherin, and APC (Graham et al., 2000, 2001), this raises
the question whether the stabilization of b-CatD(275–360) is due
to the loss of interaction with APC or with other interaction part-
ners. We mutated two residues outside the aa 275–360 region,
Trp383 and Asn426, which are required for the interaction with
APC and Tcf7l2 (von Kries et al., 2000), to Ala. The resulting mu-
tants b-Cat(W383A) and b-Cat(N426A) were susceptible to
Kdm2a and were significantly reduced (Figure 3M). Therefore,
the stabilization of b-CatD(275–360) is not due to the loss of
APC or Tcf binding. We next examined the effect of Kdm2a on
the isolated aa 272–390 region of b-catenin. Kdm2a did not
lead to a significant change in this partial peptide. However,
when it was fused to a nuclear localization signal (NLS),
Kdm2a overexpression led to a decrease in the level (Figure 3N)
and enhanced ubiquitylation of the isolated region (Figure 3O).
We also fused b-CatD(275–360) to an NLS, and the resulting
protein was resistant to Kdm2a (Figure S2E). This confirms that
the resistance of b-CatD(275–360) to Kdm2a is not due to an
inappropriate subcellular distribution. In summary, the region
around Arm repeats four and five is necessary for the interaction
with and induced degradation by Kdm2a.
Demethylation by Kdm2a Is Required for Degradation of
Nuclear b-Catenin
We deduced that b-catenin could be a non-histone substrate of
Kdm2a. As methylation modification has yet not been described
for b-catenin and no antibodies specific for methylated b-catenin
are available, we used a pan-dimethyl lysine antibody (KpanMe),
which is able to reveal lysine methylation of non-histone proteins
(Ong et al., 2004; Yang et al., 2009; Piret et al., 2010; Liu et al.,
2011; Couttas et al., 2012), to detect the possible methylation
of b-catenin. The KpanMe antibody cross-reacted with the
non-phosphorylated b-catenin that was precipitated from con-
trol cells. Meanwhile, the band was barely detectable for ther, Kdm2a, or the catalytic mutant plasmid, and then treated with CHX in a time
EK393T cells without or with treatment with MG132.
Kdm2a plasmid.
fect of KDM2A knockdown on b-catenin in HEK293T cells. siCtrl is a standard
1. ns, not significant.
in HEK293T cells, in a time-course CHX treatment.
lotting (IB). In (H) and (M), immunoprecipitates were used for IB.
opmental Cell 33, 660–674, June 22, 2015 ª2015 Elsevier Inc. 663
Figure 2. Kdm2a Regulates Non-phosphorylated b-Catenin in the Nucleus
(A) The level of a b-catenin mutant protein that cannot be phosphorylated by GSK3/CK1 was reduced by Kdm2a transfection, but not by the mutant Kdm2a.
(B) Comparison of the degradation of b-CatDN in the absence and presence of Kdm2a transfection in HEK293T cells that were treated with CHX in a time series.
(C) Quantification of (B) in triplicate. Error bars represent SEM.
(D) Kdm2a exerted different effects on total, phosphorylated, and non-phosphorylated b-catenin in HEK293T cells without or with BIO treatment.
(E) Kdm2a blocked BIO-activated reporter activity. Error bars represent SEM of four replicates. *p < 0.05.
(F) The wild-type Kdm2a and mutant Kdm2a with point mutations or lacking different domains generated different effects on the stability of non-phosphorylated
b-catenin in HEK293T cells.
(G) The catalytic function, but not the DNA binding ability, was responsible for the repression of b-catenin-stimulated reporter activity. Error bars represent SEMof
four replicates. *p < 0.05. ns, not significant.
(legend continued on next page)
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protein precipitated from the cells transfected with Kdm2a
plasmid (Figure 4A). The KpanMe antibody exhibited specific
cross-reactivity with precipitated non-phosphorylated b-cate-
nin, but other histone modification-related antibodies, such as
H3K18ac, H4R3me2, and H3K27me2, did not (Figure S3A).
Both the KpanMe and the b-catenin antibodies precipitated a
protein that was recognized by the antibody against active b-cat-
enin. In contrast, the H3K18ac, H4R3me2, and H3K27me2 anti-
bodies could not do so, nor could IgG (Figure S3B). Therefore,
the KpanMe antibody can specifically detect the methylation of
b-catenin. These results indicate that b-catenin is indeed meth-
ylated in cells and that the methylation can be reversed by
Kdm2a.
We compared the methylation status of non-phosphorylated
and phosphorylated forms of b-catenin and their responses
to Kdm2a. b-catenin was reduced in cells transfected with
Kdm2a. Similar levels of phosphorylated or non-phosphorylated
b-catenin were pulled down from mock-transfected or Kdm2a-
transfected cells. Weak methylation signal was detected from
the precipitated phosphorylated b-catenin, and the signal was
not influenced by the presence of Kdm2a (Figure 4B). In contrast,
heavy methylation signal was observed for the non-phosphory-
lated b-catenin, and Kdm2a caused significant reduction in this
signal (Figure 4B). Hence, Kdm2a specifically reduces methyl-
ation of the non-phosphorylated b-catenin. When KDM2A was
knocked down, methylated b-catenin was upregulated signifi-
cantly (Figure 4C), suggesting a requirement of KDM2A for b-cat-
enin demethylation. Demethylation was dependent on Kdm2a
catalytic activity, because the mutant Kdm2a(2mut) showed
no significant demethylation effect (Figure 4D). The mutant
b-CatDN was methylated, which was then inhibited by Kdm2a
(Figure 4E). Compared with wild-type b-catenin, weaker methyl-
ation was observed for b-CatD(275–360). However, Kdm2a had
no influence on this methylation (Figure 4F). This implies that
methylation might occur in different regions of b-catenin but
that Kdm2a affects only the methylation occurring within aa
275–360. This was confirmed by the fact that the isolated aa
275–360 region bound to and was degraded by Kdm2a. Mean-
while, a methylation signal was detected and reduced in res-
ponse to Kdm2a overexpression (Figure 4G). The seven lysine
residues within the aa 275–360 region (Lys281, Lys288,
Lys292, Lys312, Lys335, Lys345, and Lys354) are potential tar-
gets for methylation/demethylation. When these residues were
all mutated to Ala, the mutant b-Cat(7Kmut) was resistant to
Kdm2a activity, and the methylation signal was hardly detect-
able (Figure 4H). Accordingly, Kdm2a induced strong ubiquityla-
tion in non-phosphorylated b-catenin, but not in b-Cat(7Kmut)
(Figure 4I). Furthermore, Kdm2a did not affect significantly the
turnover rate of b-Cat(7Kmut) (Figures 4J and 4K). The results
confirm that these Lys residues are targeted for methylation
and subsequent degradation.(H) KDM2A knockdown in HEK293T cells upregulated total and non-phosphoryla
(I) KDM2A knockdown weakened the ubiquitylation of non-phosphorylated b-ca
(J) Kdm2a had a different effect on total and non-phosphorylated b-catenin extrac
marked the extracts from the cytosol and cell membrane, whereas KDM2A was
(K) Immunofluorescence showed that Kdm2a induced the degradation of non-ph
nuclei. GFP alone was used as a control.
In (A), (B), (D), (F), (H), and the ‘‘Input’’ in (I), WCLs were used for IB.
DevelTo determine in which cellular compartments b-catenin
methylation occurs and how methylation responds to b-catenin
stabilization, non-phosphorylated b-catenin was precipitated
from the cytosol and nuclei of mock-treated or BIO-treated
HEK293T cells. Methylation of b-catenin was observed in both
the nuclear and cytosolic fractions of mock-treated cells (Fig-
ure 4L). BIO treatment resulted in a dramatic increase in non-
phosphorylated b-catenin in both the nucleus and cytosol;
however, BIO caused upregulation of methylation only in the nu-
cleus, but not in the cytosol (Figure 4L). Considered together with
the result in Figure 4B, these data demonstrate that methylation
can occur on both phosphorylated and non-phosphorylated
b-catenin and in both the nucleus and the cytosol. Nevertheless,
b-catenin stabilization causes enhancement of nuclear b-catenin
methylation only. Moreover, for comparable levels of precipi-
tated nonphosphorylated b-catenin, Wnt3a activation enhanced
methylation, which was sharply decreased upon the addition of
Kdm2a (Figure 4M). Finally, we observed that Xenopus Kdm2a,
human KDM2A, and Xenopus Kdm2b showed the same activity
in the demethylation of b-catenin (Figure 4N). In summary, b-cat-
enin stabilization causes methylation of nuclear b-catenin, and
Kdm2a/b-mediated demethylation is required for the degrada-
tion of b-catenin in the nucleus.
Kdm2a Interrupts the Interaction of b-Catenin with
Tcf7l1
We explored whether Kdm2a disrupts the formation of the b-cat-
enin/Tcf7l1 complex. In the absence of Kdm2a, transfected
Tcf7l1 interacted with endogenous b-catenin. In contrast,
much less b-catenin/Tcf7l1 complex was precipitated when
Kdm2a or the mutants Kdm2aDJ and Kdm2a(2mut) were co-
transfected (Figure 5A). This is not likely to be due to the induced
b-catenin destruction, because Kdm2a mutants cannot induce
such an effect. Interestingly, Tcf7l1 interacted with both the
wild-type Kdm2a and the mutants (Figure 5A). Therefore, in the
presence of Kdm2a, less b-catenin/Tcf7l1 complex forms due
to Kdm2a interaction with Tcf7l1. The mutants b-CatD(275–
360) and b-CatD(275–318) could not interact with either trans-
fected Tcf7l1 (Figure 5B) or endogenous TCF7L1 (Figure 5C).
Additionally, the aa 1–360 region bound to Tcf7l1, whereas the
aa 1–318 region did not (Figure 5D). This means that Tcf7l1
and Kdm2a bind to the same or overlapping regions of b-catenin.
Hence, b-catenin/Tcf7l1 complex formation is interrupted when
Kdm2a is present. The failure of Tcf7l1 to bind b-catenin in the
presence of Kdm2a is not likely to be due to the change of
methylation of b-catenin, because bacterially expressed or in-vi-
tro-translated b-catenin and Tcf/Lef protein interact each other
(Molenaar et al., 1996; Huber et al., 1996). Finally, we
found that the wild-type b-catenin and the mutant b-CatDN
strongly stimulated Topflash. However, b-CatD(275–318) and
b-CatD(275–360) showed very weak stimulation (Figure 5E).ted b-catenin but did not affect the phosphorylated b-catenin.
tenin.
ted from different fractions of RKO cells following treatment with Wnt3a. Actin
used as a marker for nuclear extract.
osphorylated b-catenin in the nuclei of SW480 cells. DAPI staining revealed the
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Figure 3. Interaction between Kdm2a and b-Catenin
(A) CoIP detection of the binding of Kdm2a to b-catenin in transfected HEK293T cells.
(B) Endogenous b-catenin and KDM2A interacted with each other in non-transfected HEK293T cells.
(C) Identification of the aa 275–484 of b-catenin as the potential binding region for Kdm2a.
(D) b-catenin without aa 275–318 region showed interaction with Kdm2a.
(E) b-catenin without aa 275–360 region showed no interaction with Kdm2a, and the interaction was recovered when the region was added back to b-catenin.
(F) b-catenin without aa 275–360 region showed no changes in response to Kdm2a.
(G) b-catenin with the Arm repeats four and five being shifted to the C terminus was reduced in response to Kdm2a.
(H) Comparison of protein degradation between the wild-type b-catenin and mutant lacking aa 275–360 region in cells with a time-course CHX treatment.
(I) Quantification of (H) in triplicate. Error bars represent SEM.
(J) The turnover rate of b-CatD(275–360) was not changed in response to Kdm2a overexpression.
(K) Quantification of (J) in triplicate. Error bars represent SEM.
(L) Kdm2a generated different ubiquitylating effects on the wild-type and mutant b-catenin.
(legend continued on next page)
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This is due to the failure of these mutants to form a complex with
the Tcf/Lef proteins. b-Cat(7Kmut) also showed dramatically
reduced stimulation of Topflash (Figure 5F) because Lys312 is
required for b-catenin/Tcf complex formation (Graham et al.,
2000, 2001).
We thus propose amodel for Kdm2a/b-mediated regulation of
b-catenin (Figure 5G). Without Wnt activation, b-catenin is phos-
phorylated and targeted for proteasomal degradation in the
cytoplasm. Consequently, Wnt target genes are not transcribed
(Figure 5G, left panel). Wnt activation, on the other hand, leads to
the stabilization and translocation of b-catenin into the nucleus,
where it is methylated at lysine residues within the fourth and fifth
Arm repeats by an unknown factor or factors. b-catenin forms a
complex with Tcf/Lef transcription factors to activate transcrip-
tion (Figure 5G, middle panel). To limit the accumulation of b-cat-
enin in the nucleus and subsequent target gene activation, or to
remove the protein at the end of signaling, Kdm2a/b compete
with Tcf/Lef for b-catenin binding and remove the methyl marks
from b-catenin, which is subsequently degraded via ubiquityla-
tion. As a result, Wnt target gene transcription is attenuated or
turned off (Figure 5G, right panel).
Kdm2a/bRegulate BodyAxis Patterning duringXenopus
Embryogenesis
In vertebrates, maternal Wnt/b-catenin activity promotes the
specification of dorso-anterior structures (Kelly et al., 2000; No-
jima et al., 2004; Tao et al., 2005; Hikasa and Sokol, 2013),
whereas zygotic Wnt/b-catenin specifies the ventro-posterior
fate of the germ layers (Christian and Moon, 1993; Glinka et al.,
1998; Yamamoto et al., 2005; Hikasa and Sokol, 2013). We
postulated that Kdm2a/Kdm2b might regulate embryonic devel-
opment via the regulation of b-catenin.
A sequence comparison revealed that JmjC, CxxC, and F-box
domains are conserved in Kdm2a and Kdm2b of Xenopus and
human, whereas the PHD domain is less conserved between
Kdm2a and Kdm2b (Figure S4A). Xenopus Kdm2a and Kdm2b
are closely related to their respective human counterparts.
Kdm2a is evolutionarily distant to Kdm2b in both Xenopus and
human (Figure S4B). During Xenopus embryogenesis, maternal
kdm2a or kdm2b transcript is detectable at the animal pole of
the embryo at cleavage stages (Figures S4C and S4D). Zygotic
transcription at the blastula stage is also prominent in the animal
half of embryo (Figures S4C and S4D). During gastrulation, both
genes are ubiquitously present in the area excluding the yolk
mass, but the kdm2b transcript is more abundant than kdm2a
(Figures S4C and S4D). This does not mean that the genes are
not transcribed in the vegetal region because the yolk material
in vegetal cells interferes with the detection. These expression
patterns suggest that Kdm2a and Kdm2b might be involved in
early developmental events.
We used antisense morpholino oligos (MOs) to knock down
Kdm2a or Kdm2b in Xenopus embryos. Immunoblotting con-
firmed that Kdm2aMO and Kdm2bMO were able to efficiently
block Kdm2a and Kdm2b protein expression, respectively (Fig-(M) b-catenin with a point mutation was induced for destruction by Kdm2a, simi
(N and O) The isolated aa 272–390 region of b-catenin was reduced (N) and mor
In (A)–(E), ‘‘Lysate’’ and ‘‘Input’’ mean that IB was performed using WCLs. In (F), (G
for all remaining IB.
Develures 6A and 6B). Injection of 40 ng of Kdm2aMO led to truncation
of posterior structures and to shrinking of the head structure in
most of the injected embryos (Figures 6C and S4E), which died
shortly after hatching. Injection of 30 ng of Kdm2aMO resulted
in a similar, but less severe, effect (Figures 6C and S4E). Injection
of Kdm2bMO at 40 ng also led to the loss of posterior structures,
and only the cement gland could be observed in the anterior of
the embryo (Figures 6C andS4E). At 20 ng, anterior and posterior
structures were obvious, but the A-P axis wasmuch shorter, and
belly protrusion was present (Figures 6C and S4E). When the in-
jected dose was 20 ng for Kdm2aMO and 10 ng for Kdm2bMO,
embryos were able to survive until tadpole stage. The Kdm2a
morphant developed a small head and almost no eyes or tail.
The Kdm2b morphant also developed a small head, but with a
curled and shortened tail (Figures 6D and S4F). These changes
in development resemble, at least in part, the phenotypes result-
ing from b-catenin over-activation. The morphants were effec-
tively rescued when either Xenopus Kdm2a mRNA, human
KDM2A mRNA, or Xenopus Kdm2b mRNA was coinjected with
the MOs (Figures 6D and S4F).
In Xenopus embryos, axis duplication via ventral activation of
b-catenin allowed us to detect the effect of Kdm2a/b on the ac-
tivity of b-catenin. In fact, ventral injection of the mRNA for
b-CatDN led to the formation of a complete secondary axis,
which was inhibited when the mRNA for Kdm2a or Kdm2b was
coinjected (Figures 6E and S4G). Therefore, Kdm2a/b inhibit
the activity of b-CatDN in embryos. We fused the aa 295–441 re-
gion of Xenopus Tcf7l1, which includes the HMG box, to the
VP16 activation domain to mimic the b-catenin/Tcf7l1 complex
in Xenopus embryos. Ventral injection of the mRNA for VP16-
Tcf7l1(295–441) resulted in the formation of a partial secondary
axis. However, coinjection with either Kdm2a RNA or Kdm2b
RNA did not block the formation of the partial secondary axis
(Figures 6F and S4H), implying that Kdm2a/b function upstream
of Tcf7l1.
Because loss of Kdm2a/b function upregulates nuclear b-cat-
enin, one might expect that Kdm2a/b knockdown could rescue
the ventralization of Xenopus embryos caused by UV irradiation.
Indeed, UV-irradiated embryos developed into only belly pieces,
an indication of complete ventralization. However, no rescue
was observed for embryos with both UV treatment and knock-
down of Kdm2a or Kdm2b (Figures 6G and S4I). The target
genes of maternal b-catenin, siamois and xnr3, were detected
in control gastrula embryos. UV irradiation led to an almost com-
plete loss of expression of both genes. However, knockdown of
Kdm2a or Kdm2b in UV-treated embryos did not effectively
rescue the gene expression (Figures 6H, S4J, and S4K). It is
known that UV irradiation results in the failure of cortical rotation
of the fertilized Xenopus eggs and, consequently, the degrada-
tion of cytosolic b-catenin. As a result, knockdown of Kdm2a/b
should be futile when the substrate is absent in the nucleus.
On the basis of these analyses, we conclude that Kdm2a/b regu-
late b-catenin-mediated body axis patterning during Xenopus
embryogenesis.lar to the wild-type protein.
e strongly ubiquitylated (O) in the presence of transfected Kdm2a.
), (H), (J), (M), and (N), WCLs were used for IB. Immunoprecipitates were used
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Figure 4. Kdm2a Demethylates b-Catenin
(A) Immunoprecipitated non-phosphorylated b-catenin was methylated, which was reduced in response to Kdm2a transfection. IgG antibody was used as a
negative control.
(B) Comparison of the methylation status between the phosphorylated and non-phosphorylated b-catenin, and their responses to Kdm2a.
(C) Loss of KDM2A function caused an increase in methylated b-catenin.
(D) The wild-type and the mutant Kdm2a showed different demethylaton activity on b-catenin.
(E) b-catenin with an N-terminal deletion was methylated and was then reduced in the presence of Kdm2a transfection.
(F) b-CatD(275–360) was weakly methylated, which did not change in response to Kdm2a transfection.
(G) Detection of the methylation status of the isolated aa 272–390 region and its response to Kdm2a overexpression.
(H) The wild-type b-catenin and themutant b-catenin with lysine mutations showed different methylation statuses, and Kdm2a generated different effects on their
stability and methylation statuses.
(I) Kdm2a overexpression induced strong ubiquitylation in wild-type protein, but not in the mutant protein.
(J) A time-course experiment illustrating that the mutant b-catenin was resistant to Kdm2a.
(K) Quantification of (J) in triplicate. Error bars represent SEM.
(legend continued on next page)
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We investigated whether Kdm2a/b affected cell adhesion by
using the disaggregation/reaggregation assays of Xenopus ani-
mal caps. Animal caps injected with mRNA encoding domi-
nant-negative Cdh1, Cdh1(1–724), which disrupts cell adhesion
in Xenopus ectodermal cells (Levine et al., 1994), showed adhe-
sion defects before and after disaggregation/reaggregation.
In contrast, cap cells with either Kdm2a/b overexpression or
knockdown displayed intact cell adhesion, resembling the cells
injected with ctrlMO (Figure S4L). Together with the finding
that Kdm2a does not influence b-catenin at the cell membrane
(Figure 2J), we conclude that Kdm2a/b are not directly involved
in the regulation of cell adhesion.
Kdm2a/b Regulate the Stability, Methylation, and Target
Gene Expression of b-Catenin in Xenopus Early
Embryos
We examined whether Kdm2a/b influenced b-catenin stability or
methylation in Xenopus early embryos. In gastrula embryos,
knockdown of Kdm2a led to a mild increase in the level of
non-phosphorylated b-catenin, whereas knockdown of Kdm2b
caused a stronger increase (Figures 7A and 7B). This should
be due to a higher abundance of kdm2b transcript. Furthermore,
b-catenin was methylated in gastrula embryos, and the methyl-
ation became stronger when either Kdm2a or Kdm2b was
knocked down (Figure 7C). Meanwhile, a synergistic effect was
observed when both were blocked simultaneously (Figure 7D).
Accordingly, Kdm2a and Kdm2b knockdown in Xenopus em-
bryos also upregulated Topflash to different extents (Figure 7E),
reflective of different transcript abundance. We explored
whether the effect of Kdm2a/Kdm2b inhibition was influenced
by the reduction in b-catenin. Injection of both Kdm2a and
Kdm2bMOs at relatively lower doses led to a phenotype (Figures
7F and S5A) resembling that shown in Figure 6D, and injection of
a lower dose of b-catenin morpholino (b-CatMO) also caused a
phenotypic change (Figures 7F and S5A). When the MOs for
Kdm2a/b and b-catenin were co-injected, the developmental
defects were mutually rescued (Figures 7F and S5A). Knock-
down of Kdm2a/b led to a strong increase in the transcription
of sia and xnr3 in early gastrula embryos, and b-catenin knock-
down with a higher dose of MO eradicated the expression of
both genes. However, in embryoswith simultaneous knockdown
of Kdm2a/b and b-catenin, transcription of both genes was
observed (Figures 7G and S5B). Knockdown of b-catenin
caused a decrease in b-catenin protein level, whereas knock-
down of Kdm2a/b led to an increase, which was compromised
in response to b-catenin knockdown (Figure 7H). These analyses
demonstrate that Kdm2a/b-regulated stability and methylation
of b-catenin in nuclei depend on the level of upstream b-catenin.
The effect is also in agreement with the data shown in Figures 6G
and 6H, in which the UV irradiation eliminated nuclear entry of
b-catenin.(L) Methylation status of non-phosphorylated b-catenin in different cellular com
GAPDH and KDM2A were used as markers for cytosolic and nuclear extracts, re
(M) Wnt3a treatment of HEK293T cells enhanced the methylation of non-phosph
fection.
(N) Xenopus Kdm2a, human KDM2A, and Xenopus Kdm2b exhibited similar dem
In (A)–(E), (G), and (H), ‘‘Lysate’’ indicatesWCL,whichwas also used in (J). In (L), nu
were used for remaining IB.
DevelWe analyzed the expression of genes involved in A-P (or D-V)
body axis formation in response to Kdm2a/b knockdown.
Because morpholino knockdown was not temporally controlled,
we examined the expression of gene targets of both maternal
and zygotic Wnt/b-catenin signaling. During gastrulation, injec-
tion of Kdm2aMO or Kdm2bMO resulted in the upregulation of
the maternal b-catenin target genes siamois and xnr3 and the
organizer gene chordin (Figure S5C; Table S1), a target gene of
Siamois. Meanwhile, two target genes of the zygotic Wnt/b-cat-
enin pathway, ventx1.2 and ventx2.2, which ventralize the D-V
axis, were upregulated (Figure S5C; Table S1). This is not likely
to be an effect of the activation of BMP signaling, because the
expression of bmp4 was reduced instead (Figure S5C; Table
S1). Further analysis revealed that in knockdown embryos, the
anterior marker genes xag2 and otx2 were upregulated (Fig-
ure S5C; Table S1), whereas the posterior marker genes bmp4,
xk81a1, wnt3a, wnt8, and hoxb9 were downregulated (Fig-
ure S5C; Table S1). Knockdown of both Kdm2a and Kdm2b
led to the synergistic upregulation of some, but not all, of
these genes (Figures S5D–S5H). Taken together, inhibition of
Kdm2a/b leads to increases in active and methylated b-catenin,
concomitant with the upregulation of both maternal and zygotic
Wnt/b-catenin target genes.
We tested whether Kdm2a/b regulation of b-catenin target
genes could also be a result of demethylation of H3K36me2 at
gene promoters. In chromatin immunoprecipitation (ChIP) as-
says, we did not find an increased occupancy of H3K36me2 at
different regions of the siamois and xnr3 promoters or at the pro-
moter ofmlc2, which served as a negative control, in the Kdm2a
or Kdm2b knockdown embryos (Figure S6). Therefore, regula-
tion of Wnt/b-catenin target genes by Kdm2a/b is the result of
b-catenin turnover in the nucleus rather than a consequence of
chromatin modification.
DISCUSSION
In the present study, we identified a mechanism by which
Kdm2a/b regulate the turnover of b-catenin in the cell nucleus,
thereby limiting the output of Wnt/b-catenin signaling. We
show that upon Wnt activation, non-phosphorylated b-catenin,
which has been considered ‘‘stabilized,’’ can be destabilized.
Kdm2a/b are involved in the degradation of the non-phosphory-
lated form of b-catenin in the nuclear compartment, rather than
affecting the phosphorylated form. b-catenin is distributed in
the membrane, cytosol, and nucleus to modulate cell adhesion
and Wnt signaling. Nuclear distribution of Kdm2a/b ensures
that only b-catenin in the nucleus is regulated. Consistent with
its localization, Kdm2a/b do not directly modulate cell adhesion.
We cannot exclude the possibility that Kdm2a/b exert indirect
effects on cell adhesion via crosstalk between Wnt signaling
and cell adhesion pathways. Kdm2a/b-induced b-cateninpartments of HEK293T cells in the absence and presence of BIO treatment.
spectively.
orylated b-catenin, which was reduced in response to Kdm2a plasmid trans-
ethylation activities for b-catenin.
clear and cytosolic extracts were used for IB, as indicated. Immunoprecipitates
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Figure 5. Kdm2a Disrupts the Formation of the b-Catenin/Tcf7l1 Complex
(A) CoIP detection of the interfering effect of Kdm2a or the mutants on the formation of b-catenin/Tcf7l1 complex.
(B and C) The wild-type and mutant b-catenin showed different binding affinity to transfected Tcf7l1 (B) or endogenous TCF7L1 (C).
(D) The N-terminal regions of b-catenin showed different binding affinities to endogenous TCF7L1.
(E and F) b-catenin with deletions (E) and point mutations (F) showed different activities in the stimulation of luciferase reporter. Error bars represent SEM of four
replicates. *p < 0.05; **p < 0.01; ns, not significant.
(G) A proposed model for the Kdm2a/Kdm2b-regulated stability of nuclear b-catenin. (See text for details.)
In (A)–(D), ‘‘Lysate’’ indicates WCL. Immunoprecipitates were used for all other IB.degradation is independent of GSK3/CKI phosphorylation. The
E3 ubiquitin ligase Siah-1 regulates b-catenin stability in a similar
way (Matsuzawa and Reed, 2001; Liu et al., 2001). However,
whether this also happens in the nucleus is unknown. If it
does, a correlation might exist between Kdm2a/b and Siah-1 in
the regulation of nuclear b-catenin turnover.
Analogous to the N-terminal phosphorylation that is required
for cytosolic b-catenin turnover, lysine methylation and deme-
thylation are responsible for the regulation of b-catenin within670 Developmental Cell 33, 660–674, June 22, 2015 ª2015 Elsevier Ithe nucleus. Our results demonstrate that b-catenin methylation
is complex. We detected methylation in both non-phosphory-
lated and phosphorylated b-catenin and in both the cytosol
and the nucleus. This suggests that methylation/demethylation
might play a complicated role in modulating b-catenin activity.
However, Kdm2a/b specifically regulate the methylation of the
lysine residues within the Arm repeats four and five. Methylation
at these positions might occur upon Wnt activation either in the
cytoplasm or in the nucleus after nuclear import. We favor thenc.
Figure 6. Kdm2a/b Are Involved in A-P Body Axis Patterning during Xenopus Embryogenesis
(A and B) Test of the efficiency of morpholino oligos in blocking protein expression. WCLs of injected embryos were used for IB.
(C) Injection of either Kdm2aMO or Kdm2bMO caused defects in body axis development in a dose-dependent fashion.
(D) The Kdm2a and Kdm2b morphants were rescued by coinjection of mRNAs as indicated.
(E) The secondary axis formation induced by ventral injection of b-CatDN was blocked by coinjection of Kdm2a or Kdm2b mRNA.
(F) Coinjection of Kdm2a or Kdm2b mRNA generated no effect on formation of the secondary axis induced by VP16-Tcf7l1(295–441).
(G and H) Kdm2a or Kdm2b knockdown did not rescue the ventralization of UV-treated embryos (G) or the depletion of maternal b-catenin target gene expression
(H). d, dorsal view.
In (C)–(G), the stages of control embryos are labeled. The anterior of each embryo is oriented on the left.
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Figure 7. Kdm2a/b Regulate b-Catenin in
Xenopus Embryos and Gene Expression
Involved in A-P Axis Formation
(A and B) Knockdown of Kdm2a or Kdm2b led
to incremental changes in non-phosphorylated
b-catenin in gastrula embryos. Error bars represent
SEM in triplicate. *p < 0.05; **p < 0.01.
(C) Knockdown of Kdm2a or Kdm2b enhanced
b-catenin methylation in gastrula embryos.
(D) Simultaneous knockdown of Kdm2a and
Kdm2b led to the synergistic enhancement of
b-catenin methylation in gastrula embryos.
(E) Knockdown of Kdm2a or Kdm2b upregulated
the activity of the Wnt-responsive luciferase re-
porter in embryos. Error bars represent SEM of
four replicates. *p < 0.05; **p < 0.01.
(F and G) b-catenin knockdown rescued the de-
velopments defect (F) and the upregulation of gene
expression (G) that were caused by double
knockdown of Kdm2a and Kdm2b. In (F), all em-
bryos are shown in lateral view with the anterior to
the left. In (G), all embryos are shown in dorsal view
with the animal pole to the top.
(H) In embryos at st. 12, the increase in b-catenin
after double knockdown of Kdm2a and Kdm2b
was weakened by b-catenin knockdown.
In (A)–(E), 30 ng of ctrlMO or Kdm2aMO and 20 ng
of Kdm2bMO were injected individually. When in-
jected together (D), the dose for each MO was
reduced by half. In (F), 20 ng of ctrl MO, 10 ng of
Kdm2aMO, 5 ng of Kdm2bMO, and 5 ng of
b-CatMO were injected. In (G) and (H), 30 ng of ctrl
MO, 15 ng of Kdm2aMO, 10 ng of Kdm2bMO,
and 10 ng of b-CatMO were injected. WCLs of
injected embryos were used for IB in (A), (C), (D),
and (H).latter possibility because methylation is only enhanced in the nu-
clear fraction following b-catenin stabilization. The Arm repeats
four and five contain seven lysine residues. Mutation of these
residues causes a decrease in the methylation of b-catenin
and resistance to Kdm2a/b-stimulated degradation. Different
lysine residues, or even an individual lysine, can undergo multi-
ple types of modification, including methylation and ubiquityla-
tion. It is possible that among the seven residues, demethylation
of one residue will cause the ubiquitylation of another or that
demethylation of a certain residue will lead to subsequent ubiq-
uitylation at the same position. Kdm2b is presumed to be a
component of the SCF (SKP1-CUL1-F-box protein)-type E3
ubiquitin ligase complex for substrate recognition (Gearhart
et al., 2006). Hence, Kdm2a/b demethylate andmeanwhilemight
ubiquitylate the substrate. In spite of the present data, the
intrinsic correlation between the specific lysine site or sites of
b-catenin and Kdm2a/b-regulated demethylation/degradation
is worth further characterization. Nevertheless, the disruption
of the b-catenin/Tcf complex by Kdm2a/b can cause the inhibi-
tion of Wnt signaling even without the demethylation effect.
Kdm2a and Kdm2b are known as putative demethylases for
H3K36me2. We did not observe a change in the overall level of
H3K36me2 after overexpression or knockdown of Kdm2a/b,
nor did we find an increased occupancy of H3K36me2 at the pro-
moters of b-catenin target genes after Kdm2a/b knockdown.672 Developmental Cell 33, 660–674, June 22, 2015 ª2015 Elsevier ITherefore, histone modification by Kdm2a/b could not account
for the regulation of Wnt/b-catenin target genes. Kdm2b recruits
the polycomb repressive complex 1 (PRC1) to form a variant
PRC1 complex at the non-methylated CpG islands and to induce
the mono-ubiquitylation of Lys119 of H2A. This function of
Kdm2b is dependent on its CxxC zinc finger domain (Farcas
et al., 2012; He et al., 2013; Wu et al., 2013). In addition, the
bridging between PRC1 and PRC2 by Kdm2b also requires
Kdm2b recognition of CpG islands and the mono-ubiquitylation
of H2AK119 (Blackledge et al., 2014). In our analyses, Kdm2a
without the CxxC domain did not differ from the wild-type protein
in the regulation of b-catenin turnover and the activity of the Top-
flash reporter. This means that Kdm2a/b-induced protein degra-
dation is independent of the recruitment to PRC complexes.
The effects of Kdm2a/b on b-catenin in cell lines were recapit-
ulated in Xenopus embryos. Knockdown of Kdm2a/b in embryos
caused an increase in active and methylated b-catenin. This is
concurrent with obvious axis developmental defects and misre-
gulation of genes that are typical of over-activation of Wnt
signaling. This means that Kdm2a/b constraint on the activity
of nuclear b-catenin is essential for establishing the body axis.
Former studies and the present study propose that in
Wnt signaling, b-catenin is regulated by a dual mechanism.
Cytosolic b-catenin stability is dependent on Wnt-regulated
N-terminal phosphorylation status. After Wnt activation,nc.
Kdm2a/b-mediated demethylation promotes the degradation
and prevents the accumulation of nuclear b-catenin and, conse-
quently, limits the level of target gene transcription. Many dis-
eases, for example, colorectal adenocarcinoma, are tightly
related to aberrant activation and hence accumulation of nuclear
b-catenin. It will be interesting to investigate the correlation be-
tween Kdm2a/b and b-catenin in these diseases. The findings
might elucidate important mechanisms underlying the develop-
ment of these diseases from a different point of view.
EXPERIMENTAL PROCEDURES
Cell Culture and Treatment
SW480 and RKO cells were purchased from the Cellbank of the Shanghai In-
stitutes for Biological Sciences, Shanghai. HEK293T, SW480, and RKO cells
were cultured using standard methods (ATCC). Inhibition of the proteasome
was carried out by treating cells with MG132 (Sigma-Aldrich) at a final concen-
tration of 400 mM for 6 hr before cell harvest. Wnt activation was achieved by
treating cells with Wnt3a (R&D) at 100 ng/ml for 8 hr before the collection of
cells. To block GSK3 activity, cells were treated with BIO (Biovision) at a final
concentration of 1 mM for 12 hr before harvest. In protein degradation assays,
protein synthesis was inhibited by the addition of cycloheximide (CHX) (Bio-
vision) to cells at a final concentration of 50 mg/ml in a time course before har-
vest, as indicated in the text.
Immunoblotting
Western blotting with cell lysates, Xenopus embryonic extracts, or immuno-
precipitated protein eluates was performed using conventional methods. For
the detection of the methylation status of b-catenin, blots were blocked with
5%BSA instead of milk, which was used for the detection of all other proteins.
Blots were detected with an ECL Advance Western Blotting Detection Kit
(Amersham). Signals were quantified using ImageJ 1.48 software. Data were
presented as the mean ± SEM of the values obtained from at least three inde-
pendent experiments. Significance was calculated using Student’s t test.
Immunoprecipitation
Protein complexes were precipitated from whole-cell lysates or different cell
fractions with anti-HA, anti-c-Myc agarose affinity gel (Sigma-Aldrich).
Agarose beads were then pelleted by centrifugation and washed three times
with lysis buffer. Immunoprecipitates were eluted by boiling the beads in
loading buffer. After centrifugation, supernatants were subjected to SDS-
PAGE andwestern blotting. Alternatively, immunoprecipitation was performed
using the HA Tag or c-Myc Tag IP/Co-IP kit (Thermo Scientific) following
the instruction manuals. For precipitation of endogenous proteins, specific
antibodies were used. Protein complexes were then precipitated with protein
G-sepharose (GE Healthcare), followed by the steps described above.
In Vitro Transcription, Antisense Morpholino Oligonucleotides, and
Microinjection
To prepare antisense RNA probes for whole mount in situ hybridization,
plasmids for Xenopus laevis kdm2a(p), kdm2b, bmp4, chordin, xk81a1, otx2,
siamois, wnt3a, wnt8, hoxb9, xag2, xnr3, ventx1.2, and ventx2.2 were linear-
ized and transcribed with T7 or Sp6 RNA polymerase. To prepare mRNAs
for microinjection, plasmids for HA-XtKdm2a, hKDM2A, XlKdm2b-HA,
XlKdm2a(p)-MT, XlKdm2b-MT, b-CatDN, and VP16-Tcf7l1(295–441) were
linearized and transcribed with Sp6 mMessage mMachine kit (Ambion). All
probes andmRNAswere cleaned upwith RNeasy kit (QIAGEN). Two antisense
MOs, Kdm2aMO: TGTATCGCAGTTGCTCCTCTTCCAT, which targets the first
25 bases of the ORF of Xenopus leavis Kdm2a, and Kdm2bMO: GCTAAT
GGCTGTTGGAAAGGAGGGT, which targets 55/31 region of the 50UTR
of Xenopus laevis Kdm2b (the first base of the ORF is designated as +1),
were designed to knock down endogenous Kdm2a and Kdm2b in embryos.
A previously described b-CatMO: TTTCAACCGTTTCCAAAGAACCAGG
(Heasman et al., 2000), was used to knock down the endogenous b-catenin
in Xenopus. A standard control MO (ctrlMO): CCTCTTACCTCAGTTACAATT
TATA, was used as control. All MOs were purchased from GeneTools. mRNAsDevelor MOswere injected into both two cells at two-cell stage or into all four cells at
four-cell stage. Injected doses of mRNAs or MOs are described in the text.
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